Introduction
Humeral fractures account for approximately 5% to 8% of all extreme fractures, and humeral shaft fractures comprise about 3% of these. 1, 2) Most humeral shaft fractures can be managed with non-operative treatments because they are undisplaced or minimally displaced. 2, 3) In addition, conservative treatment of humeral shaft fractures can be applied in most patients because the range of motion of the shoulder and elbow is large, and functional impairment is rare, even if there is a shortening.
However, although the results of non-operative treatment are satisfactory, various surgical devices such as external fixation, plates, intramedullary nails and multiple pins for humeral shaft fractures have been applied, and surgical indications are gradually expanding to less complex fractures. Among the several surgical options, intramedullary nails have been considered less invasive because they require less extensive soft tissue disability than plates. 4) Originally, the Polarus intramedullary nail (Acumed LLC, Hillsboro, OR, USA) was developed as a specialized device to treat proximal humeral fractures by allowing screw stabilization in the humeral head and tuberosities. 5) However, we have used this device to treat various types of humeral shaft fractures according to the Orthopaedic Trauma Association (OTA)/Arbeitsgemeinschaft für Osteosynthesefragen (AO) combined classification system. Although several studies have been conducted to treat humeral shaft fractures using the Polarus intramedullary nail, few have compared the radiological and clinical results according to fracture types. Therefore, this study was conducted to compare the radiological and clinical outcomes of internal fixation using the Polarus humeral nail for the treatment of humeral shaft fracture according to the OTA/AO fracture classification system.
Methods

Demographic Data
Between December 2005 and April 2018, one surgeon (CHC) performed internal fixation using a Polarus intramedullary nail over 220 mm in length for treatment of humeral shaft fractures in 43 patients. Of these 43 patients, 13 were excluded for the following reasons: death before 1-year of follow-up (3 patients), follow-up loss (4 patients), pathologic fractures (2 patients), and use of other intramedullary nails (4 patients). Finally, 30 patients (12 males and 18 females) were included in this study. All fractures were classified based on the OTA/AO classification system, and the 3 main fracture types were divided into simple (type A, Fig. 1 ), wedge (type B, Fig. 2 ), and complex fractures (type C, Fig. 3 ). Fracture patterns included 12 type A, 3 type B, and 15 type C. The 30 patients were divided into two groups: 15 in group I (type A and B) and 15 in group II (type C) ( Table 1) . Type A and B were classified into one group, and type C were categorized into another group according to the difficulty making cortical bone contact when the intramedullary nail was inserted. The mechanisms of initial injury included 12 traffic accidents, 14 simple slips, 2 simple falls, and 2 contusions after lower energy trauma. The accompanying injuries were mostly accompanied by traffic accidents, and there were two cases of neurosurgical problems caused by multiple fractures. The mean duration time from initial injury to surgical treatment was 4.7 days; however, it was only 2.8 days when three patients who needed other medical procedures due to multiple fractures and one patient who failed in non-operative treatment were excluded. The mean age was 63.1 years (range, 20-87 years), and the mean follow-up period was 2.3 years (range, 1.0-6.1 years). Surgery was performed with closed reduction and internal fixation in all patients, and no open reduction was conducted. The radiological union was defined as when the callus was clearly observed in more than 50% of the fracture lines on simple anteroposterior (AP) and lateral radiographs. Evaluation of the radiological union was performed by two orthopedic surgeons (CHC and JYK), and the consensus was determined by discussion if the results of the evaluation were different. The clinical union was defined as the absence of postoperative pain, tenderness, and false motion on the fracture site. The degree of final functional recovery was measured using the Korean shoulder scoring system (KSS). Complications including radial nerve palsy, subacromial impingement, and migration of the proximal cancellous screw were examined. Radial nerve palsy was defined as wrist and thumb extension of motor grade 4 or less, and subacromial impingement was defined as a case of pain because of nail protrusion with glenohumeral joint movement. Migration of the proximal cancellous screw was determined as when the head of the screw was pulled out more than 3 mm from the articular margin of humeral head.
Surgical Procedures
Surgery was performed in a beach chair position under general anesthesia for all cases. As a surgical approach for intramedullary nail insertion, a 3 to 5 cm vertical skin incision was performed on the lateral margin of acromion, and then extended parallel to the deltoid muscle fibers. The subdeltoid bursa was excised to visualize the supraspinatus tendon. A longitudinal incision was made 1.5 cm posterior to the biceps muscle near the greater tuberosity to which the supraspinatus muscle attaches to expose the insertion point of the nail. A drill and awl were used to create an insertion point at 1.5 cm posterior to the bicipital groove and the border between the joint surface and greater tuberosity. A nail was then inserted through the medial sulcus of the greater tuberosity to obtain intramedullary access. To prevent subacromial impingement by nail protrusion, the proximal end of the nail was inserted within the articular margin of the humeral head. We did not damage the deltoid branch of the axillary nerve. For complex fractures, two Steinmann pins were inserted into the proximal and distal humeral shaft based on the fracture line, then adjusted to reduce the alignment and rotation of the humeral shaft while viewing the fluoroscopic image. To prevent radial nerve injury, a 2 cm longitudinal incision was conducted in nine cases, and distal screws were inserted after visualizing the pathway of the radial nerve.
Postoperative Rehabilitation Treatment
All patients wore an abduction brace for 1 month after the operation, and an arm sling was worn for another 1 month after removing the abduction brace. Pendulum, passive elevation and isometric exercises were performed on the first postoperative day when the fixation was firm. At the 1 month follow-up, an active elevation exercise with 90° forward flexion of the glenohumeral joint was performed. At the 6 to 8 weeks follow-up, active exercise was performed according to clinical union time.
During the follow-up period, the active exercise was stopped when the migration of proximal screws occurred. After observing pain relief at the surgical site and the degree of screw migration, a decision of whether to resume the exercise was made.
Statistical Analysis
A paired t-test was used to compare the results between groups, including radiological and clinical union, operation time, and KSS. IBM SPSS ver. 23.0 (IBM Corp., Armonk, NY, USA) was utilized for statistical analysis, and a p<0.05 indicated statistical significance.
Ethical Approval
Institutional review board approval (No. CR-18-128-L) was obtained and informed consent was acquired from all individual patients included in this research. Additionally, all participants of this study agreed to its publication, including that of the attached radiographic images.
Results
All cases progressed to union, resulting in a 100% radiological union rate. Radiological union was confirmed by both plain AP and lateral radiographs at an average of 5.0 months in group I and 8.4 months in group II, respectively. The difference between the two groups was statistically significant (p<0.01). Clinical union was observed at 1.6 months in group I and 2.0 months in group II, but there was no significant difference between groups (p=0.441). Operative time was recorded as 83.6 in group I, and 101.6 minutes in group II, with significant differences between the two groups (p<0.01). The mean KSS scores were 89.7 and 90.6, but these did not differ significantly between groups (p=0.352). The mean postoperative visual analogue scale scores were 0.6 and 0.8, which also did not differ significantly difference (p=0.493) ( Table 2) . Overall, no blood transfusion was required after the surgery. In terms of complications, one case of radial nerve palsy occurred. For this case, a wrist and thumb extension of motor grade 2 were observed on the first day after the surgery. The partial tear of the radial nerve was confirmed in the operating room immediately after the palsy, and this was recovered at 6 months after neurorrhaphy. The remaining complications were minor, including two cases of subacromial impingement because of nail protrusion (6.6%) and five cases of migration of proximal cancellous screws (16.6%). However, none of these minor complications affected the union time and outcome. Subacromial impingement because of nail protrusion required nail removal, and migration of proximal cancellous screws was followed by removal of the protruded screws.
Discussion
Nonoperative management is the main treatment method for humeral shaft fracture, and many reports have shown good clinical results after nonoperative treatment for humeral shaft fracture. [6] [7] [8] However, in many cases, the fracture cannot be resolved with nonoperative management. Operative indications for humeral shaft fracture generally include polytrauma, open fractures, pathological fractures, vascular injury requiring repair, and brachial plexus injury. In addition, surgery is indicated even if acceptable alignment is not maintained with a functional brace. Klenerman 9) reported that a 30° varus or 20° anterior angulation were the limits for no risk of deformation, and these values have been considered as radiographic parameters for nonoperative treatment. Furthermore, Shields et al. 10) reported that a valgus deformity less than 30°, rotational deformity below 15°, and shortening of less than 3 cm were acceptable. In the present study, surgery was performed in patients with varus angulation greater than 30° or anterior angulation of more than 20°.
Several options for operative management in humeral shaft fracture can be considered because of advances in modalities for internal fixation such as plates, intramedullary nails or external fixation. Each modality can be selected according to various factors such as surgeon preference, fracture pattern, possibility of radial nerve damage, and soft tissue condition, 1) but the most widely preferred method is open reduction and internal fixation with plate-and-screw constructs. However, although the internal fixation with plates has historically been regarded as the golden standard of surgical management for humeral shaft fracture, no single surgical technique or device has been shown to be much better than any other. Zhao et al. 11) reported that there was no significant difference in union rate, infection, or radial nerve injury between intramedullary nailing and plate fixation for humeral shaft fracture, Hohmann et al. 12) reported that minimally invasive plating showed better outcomes than intramedullary nailing or open reduction and plate fixation. We preferred in- tramedullary nailing for humeral shaft fracture because it had several advantages. Specifically, the intramedullary nail is located near the mechanical axis of humeral shaft, which can reduce bending loads and potentially mitigate stress shielding. 13, 14) Second, although there is controversy about rotator cuff injury, a small surgical incision can be made to decrease soft tissue injury as well as preserve the periosteal blood supply, which may have a positive effect on the bone union. Radial nerve palsy may occur during reduction and insertion of a guide wire or distal locking screws, but many studies have reported that the incidence of radial nerve palsy is comparable to plate fixation. 11, [15] [16] [17] The most widely used classification in humeral shaft fractures is the OTA/AO combined classification system. 18) In this system, the humeral shaft fractures are mainly categorized into three types: simple (type A), wedge (type B), and complex (type C) fractures. Each type is further classified according to the fracture pattern. In this study, we divided the patients into two groups: group I (type A and B) and group II (type C). The reason we classified the groups as above was because of the difficulty at which we can restore the original length of the humeral shaft by inducing cortical bone contact during the reduction and nail insertion procedure. Intramedullary nailing does not require perfect contacts between bone fragments to obtain relative stability. However, in our experiences, the restoration of the upper arm length after surgery could greatly affect the recovery period of postoperative activities and range of motion, and the period of radiological union differs according to fracture types. The radiological union period in this study showed statistically significant differences between the two groups. The reason for the difference in operation time between the two groups is thought to have been caused by the difference in time required to restore the original length of the upper extremity to the greatest degree possible.
Several studies regarding management of humeral shaft fractures with intramedullary nailing have raised various complications. Issues pertaining to intramedullary nailing include insertion site morbidity, subacromial impingement and reoperation rate. 19, 20) The cause of these issues are believed to be either subacromial impingement, which can occur in response to a prominent nail or injury to the rotator cuff. Many surgeons have suggested different approaches that include avoidance of the avascular zone of the rotator cuff and careful repair of the tendon with improved outcomes. [20] [21] [22] [23] In the present study, the supraspinatus was carefully repaired after nail fixation, and no rotator cuff re-tears were found on follow-up. To prevent subacromial impingement by nail protrusion, the proximal end of the nail was inserted within the articular margin of the humeral head; however, there were two cases of subacromial impingement during follow-up period.
Radial nerve injury, which occurs in up to 18% of closed injuries, 24) is also a common complication that is related to middle one-third spiral humeral shaft fractures. 25) Based on observations after 4 months of follow-up, there is an expected recovery rate of 90%. 24) Surgical exploration is not necessary except in cases of open fracture, penetrating injury, nerve palsy after closed reduction, or when there is no recovery at 4 months after the injury. When the distal screws were inserted, we did not check the pathway of the radial nerve through visual confirmation. However, radial nerve palsy occurred in July 2015, and the radial nerve pathway was visually confirmed in all cases after that.
The loosening of proximal cancellous screws reportedly occurs in 4% to 20% of cases. 26, 27) In such cases, it is possible that the Polarus intramedullary nail failed to hold the screws because it did not have a locking mechanism. To prevent this complication, Inoue et al. 28) suggested that the second and third proximal screws be positioned by penetrating into the far cortex. However, to prevent loosening, the injury of the articular cartilage in the humeral head may cause osteoarthritis. For these reasons, we inserted 3 or 4 proximal screws without passing through the far cortex. When screw loosening of more than 3 mm occurred, it was removed. In our study, the migration of proximal cancellous screws occurred in five cases; however, it did not affect the union time or outcome.
It should be noted that there are several limitations to this study. Specifically, it is difficult to generalize the results of the research because only 30 cases were considered. In addition, it was also a retrospective comparative study, and the patient assignments were not randomized. Moreover, we included a wide range of patients from 20 to 87 years old, and did not consider bone union time and rate according to age. Finally, to illustrate the superiority of intramedullary nailing, it must be compared with other surgical techniques.
Conclusion
Radiologic union and good clinical outcome were obtained in all cases in this study, regardless of fracture type. In cases of the complex type, although it took more time than radiological union, there were no differences in the clinical results compared to the simple and wedge type unions. Intramedullary nailing using the Polarus humeral nail is considered to be a good treatment modality for all types of humeral shaft fractures, especially for the treatment of complex types of injuries, such as segmental or comminuted humeral shaft fractures.
